Visualizing macromolecular complexes by single-particle electron microscopy (EM) entails stringent biochemical purification, specimen preparation, low-dose imaging, and 3D image reconstruction. Here, we introduce the ''monolayer purification'' method, which employs nickel-nitrilotriacetic acid (Ni-NTA) functionalized lipids for simultaneously purifying His-tagged complexes directly from cell lysates while producing specimens suitable for single-particle EM. The method was established by using monolayers containing Ni-NTA lipid to specifically adsorb His-tagged transferrin-transferrin receptor (Tf-TfR) complexes from insect and mammalian cell extracts. The specificity and sensitivity of the method could be improved by adding imidazole to the extracts. The monolayer-purified Tf-TfR samples could be vitrified and used to calculate a 3D reconstruction of the complex. Monolayer purification was then used to rapidly isolate ribosomal complexes from bacteria by overexpressing a single Histagged ribosomal subunit. The resulting monolayer samples allowed calculation of a cryo-EM 3D reconstruction of the Escherichia coli 50S ribosomal subunit.
Visualizing macromolecular complexes by single-particle electron microscopy (EM) entails stringent biochemical purification, specimen preparation, low-dose imaging, and 3D image reconstruction. Here, we introduce the ''monolayer purification'' method, which employs nickel-nitrilotriacetic acid (Ni-NTA) functionalized lipids for simultaneously purifying His-tagged complexes directly from cell lysates while producing specimens suitable for single-particle EM. The method was established by using monolayers containing Ni-NTA lipid to specifically adsorb His-tagged transferrin-transferrin receptor (Tf-TfR) complexes from insect and mammalian cell extracts. The specificity and sensitivity of the method could be improved by adding imidazole to the extracts. The monolayer-purified Tf-TfR samples could be vitrified and used to calculate a 3D reconstruction of the complex. Monolayer purification was then used to rapidly isolate ribosomal complexes from bacteria by overexpressing a single Histagged ribosomal subunit. The resulting monolayer samples allowed calculation of a cryo-EM 3D reconstruction of the Escherichia coli 50S ribosomal subunit.
lipid monolayer ͉ affinity purification ͉ cryoelectron microscopy P ure preparations are essential for structural studies of proteins and macromolecular complexes. To simplify biochemical purification, recombinant proteins often are expressed with an affinity tag. One of the most widely used tags is the His tag, which consists of six or more contiguous histidine residues. His-tagged proteins exhibit high affinity [K D of Ϸ10 Ϫ13 M at pH 8.0 (1)] for nickelnitrilotriacetic acid (Ni-NTA) groups, which can be covalently attached to a separation matrix (2) and thus used for efficient protein purification using metal ion affinity chromatography (3) . To purify macromolecular complexes, it is often sufficient to His-tag only a single component of the complexes.
Lipid monolayers have been introduced as a method in electron microscopy (EM) to grow 2D protein crystals at the air-water interface (4) . By including lipids in the monolayer with a derivatized Ni-NTA head group (referred to as Ni-NTA monolayers from here on), the technique subsequently was used to grow 2D crystals of His-tagged proteins (5) , which later proved suitable for calculating 3D reconstructions by electron crystallography of vitrified samples (6) . In an alternative approach, lipid monolayers also have been used to prepare macromolecular complexes for structural studies by single-particle EM. For example, purified mammalian spliceosomal complexes were adsorbed to positively charged lipid monolayers, which could then be frozen and imaged by cryo-EM (7, 8) .
In this work, we introduce an application of Ni-NTA monolayers, which we named ''monolayer purification.'' This technique uses Ni-NTA monolayers to prepare His-tagged complexes for singleparticle EM without prior chromatographic purification. The method was established and characterized by using as a test specimen a His-tagged transferrin receptor (TfR) ectodomain construct bound to diferric transferrin (Tf). Once the experimental parameters were determined, we used monolayer purification to isolate ribosomal complexes directly from extracts of Escherichia coli cells expressing a His-tagged subunit of the human 60S subunit. The monolayer samples were vitrified and imaged with cryo-EM, and the images were used to calculate a 3D reconstruction of the E. coli 50S subunit. Our studies thus establish the Ni-NTA monolayer system as a means for rapidly purifying His-tagged macromolecular complexes. A 25-l sample, containing as little as 0.4 g/ml of His-tagged protein, is sufficient to produce a specimen suitable for structure determination by single-particle EM.
Results
Adsorption of His-Tagged Tf-TfR Complex to Ni-NTA Monolayers. We used the Tf-TfR complex to assess how efficiently Ni-NTA monolayers can recruit His-tagged proteins to the lipid surface. Our TfR construct (residues 89-790) lacks the transmembrane and cytoplasmic domains but contains a 6ϫHis tag at the N terminus of the stalk, where it would connect to the transmembrane domain. Aliquots (25 l) of the purified Tf-TfR complex (0.01 mg/ml in 50 mM Hepes, pH 7.4, and 150 mM NaCl) were placed into wells in a Teflon block (Fig. 1a, step 1 ) and overlaid with a neutral 1,2-dilauryl-sn-glycero-3-phosphatidylcholine (DLPC) lipid monolayer spiked with increasing amounts of Ni-NTA lipid (Fig. 1a, step  2) . After a 15-min incubation period, the monolayer samples were recovered with continuous carbon EM grids (Fig. 1a, step 3) , negatively stained and examined in the electron microscope. The amount of Tf-TfR complex present in the samples increased with the amount of Ni-NTA lipid in the monolayer (Fig. 1 b-e) . The monolayer containing 2% Ni-NTA lipids (Fig. 1c) showed the optimum distribution of particles for recording images to be used for single-particle averaging techniques. We collected 56 images of this sample and selected 9,381 particles that were classified into 100 classes. The resulting class averages were consistent with previous studies of the Tf-TfR complex (9), but as expected from the location of the His tag protruding from the TfR construct (Fig. 1a) , most averages showed the ''top view'' of the complex [supporting information (SI) Fig. 6a and Fig. 1f, image 1] . Nevertheless, views of the complex in other orientations were also observed (SI Fig. 6a and Fig. 1f , images 2-6). A plot of the Euler angle distribution confirmed the preferred orientation of the Tf-TfR complex on the monolayer and the presence of particles in other orientations (Fig. 1g) .
After establishing that the Ni-NTA lipids can recruit His-tagged Tf-TfR complex to the monolayer surface, we investigated whether the interaction would be specific enough to isolate the complex directly from cell extracts. We added Tf-TfR complex (ranging from 200 ng to 2.5 ng) to OPTI-MEM medium (growth medium for 293-T cells) and to mammalian and insect cell extracts. Proteins that adsorbed to a continuous carbon film and proteins that were specifically recruited to the Ni-NTA monolayer were visualized by negative stain EM. In the growth medium, we observed predominantly Tf-TfR complexes adsorbing to the carbon film with few contaminating proteins (Fig. 2a) . In comparison, the solution samples of the complex in mammalian (Fig. 2b ) and insect cell extracts (Fig. 2c) showed mostly cellular proteins. In contrast, in all corresponding samples prepared on the Ni-NTA monolayer, we were able to clearly identify many Tf-TfR complexes, although a significant background of cellular proteins was also present (Fig. 2  d-f ). To lower the extent of nonspecific binding, we added various amounts of imidazole to the aqueous phase of the monolayer samples. To completely suppress nonspecific binding, 10 mM imidazole was required for samples in growth medium (Fig. 2g) , whereas mammalian and insect cell extract required 20 mM (Fig.  2h ) and 50 mM (Fig. 2i) imidazole, respectively. Under these conditions, the Ni-NTA monolayer could be used to specifically adsorb as little as 10 ng of the complex from 25-l samples (0.4 g/ml) of growth medium and cell extracts as concentrated as Ϸ7 mg/ml. Images of monolayer samples prepared with extracts containing Ͻ10 ng of the Tf-TfR complex did not show a sufficient number of particles (for an incubation time of 15 min) to be useful for image processing (data not shown). We subsequently ran samples of the medium and cell extracts containing 10 ng of Tf-TfR complex on an SDS/PAGE gel (Fig. 2j, lanes 2-4) . The amounts of Tf and TfR were too low to be detected by SimplyBlue stain but produced faint bands for the His-tagged receptor when a Western blot was developed with an anti-His antibody (Fig. 2k, lanes 2-4) .
To determine the protein composition of the monolayer samples prepared from the Sf9 extract, we sequentially eluted the bound proteins from 20 monolayer specimens into the same 20-l drop of 300 mM imidazole. The elution was run on an SDS/PAGE gel, and the entire lane of the gel was excised and analyzed by mass spectrometry, which confirmed that the sample contained exclusively Tf and TfR (SI Table 1 ). Although the Tf-TfR complex purified from insect cell extract by conventional Ni-affinity chromatography also only contained Tf and TfR when analyzed by SDS/PAGE and mass spectrometry (SI Table 1 ), it required a much larger sample volume and a higher concentration of the Tf-TfR complex in the extract.
Monolayer-Purified Tf-TfR Complex Is Suitable for Single-Particle
Cryo-EM. We tested whether monolayer-purified samples would be amenable to structure determination by single-particle cryo-EM. Samples containing the Sf9 cell extract (7.74 mg/ml) and 10 ng of the Tf-TfR complex in the presence of 50 mM imidazole were overlaid with a 2% Ni-NTA monolayer. The monolayer samples were recovered by using Quantifoil holey carbon grids and quickfrozen in liquid ethane. Despite its molecular mass of only Ϸ290 kDa, the Tf-TfR complexes were clearly visible in the images but were sparse (Fig. 3b) . We therefore increased the incubation time to 30 min and increased the amount of Ni-NTA lipids in the monolayer. As we observed previously with negatively stained specimens ( Fig. 1 b-e) , the number of Tf-TfR complexes present in the samples increased with the amount of Ni-NTA lipid present in the monolayer. The best distribution of particles in vitrified preparations was obtained by using 20% of Ni-NTA lipid in the monolayer (Fig. 3c) .
We collected 102 images of frozen-hydrated Tf-TfR monolayer specimens, selected 19,641 particles and classified them into 100 classes. The resulting class averages (SI Fig. 6b and representative class averages in Fig. 3e ) revealed more variation than those derived from negatively stained specimens. The individual particle images were then aligned to a 30-Å reference map of the Tf-TfR complex generated from the Protein Data Bank (PDB) coordinates of a previously determined model [PDB ID code 1SUV (9)]. After iterative refinement of the orientation parameters, a plot of the Euler angle distribution revealed that a large fraction of the vitrified complexes also assumed a preferred orientation (Fig. 3f ) . However, a sufficient number of complexes adopted different orientations so that the different views completely defined the structure. The final 3D reconstruction had a resolution of 20 Å as determined by Fourier shell correlation (SI Fig. 8a) , and manual placement of the atomic model into the density map showed that it displayed the same structural features previously described for the Tf-TfR com- plex (Fig. 3g) (9) . In addition, a comparison of raw particle images and class averages with reprojections from the 3D reconstruction demonstrated that the density map was consistent with the raw data (SI Fig. 6c ).
Application of Monolayer Purification to Ribosomal Complexes.
To assess the use of the monolayer purification method in a real case scenario, we attempted to isolate ribosomal complexes from E. coli extracts. We obtained the hEx1 clone containing an N-terminally His-tagged construct of the human 60S ribosomal protein L3 (rpl3) from RZPD. Rpl3 is very similar to its E. coli homolog rplC (22% identity) but has 47 additional residues at its N terminus. We speculated that this region could potentially act as a spatial linker between the ribosome and the monolayer surface. Based on the structure of the E. coli ribosome [PDB ID code 1ML5 (10)], rplC is a tightly bound component of the 50S subunit with an accessible N terminus (Fig. 4a) . The rpl3 construct was expressed in E. coli and the associated ribosomal complexes were purified from the cell extract (Fig. 4b ) in parallel by using conventional Ni-affinity chromatography and Ni-NTA monolayers. Negative stain EM images of the rpl3 complexes prepared by using Ni-affinity chromatography (Fig. 4c) showed large particles ranging in size from 20 to 30 nm (consistent with the dimensions of the 50S ribosomal subunit and 70S ribosome) as well as a background of smaller particles. The specimens prepared by monolayer purification contained similar complexes to those obtained with conventional Ni-affinity chromatography, but less contaminating proteins appeared to be present in the background (Fig. 4d) . We used SDS/PAGE to further analyze the cell lysate (Fig. 4e, lane 2) and the conventionally purified (Fig. 4e, lane 3) and monolayer-purified (Fig. 4e, lane 4) rpl3 complexes. The gel was stained with Coomassie blue and rpl3 migrating at Ϸ48 kDa (expected value of 46.1 kDa) was identified by Western blot analysis using an anti-His antibody (Fig. 4f ) . Mass spectrometry analysis was performed on both the monolayer preparation and the complexes purified by Ni-affinity chromatography. We found nearly all components of the 70S ribosome to be present in both samples, although the conventionally purified sample also contained several other contaminating proteins, which were not present in the monolayer-purified sample (SI Table 2 ).
We produced frozen-hydrated specimens of the monolayerpurified rpl3 complexes, which were visible in cryo-EM images (Fig. 5a) . We collected 591 images of ice-embedded specimens and selected 45,444 particles that were classified into 200 classes (SI Fig. 7) . We used FREALIGN (11) to align all class averages to a 30-Å reference volume of the 50S ribosomal subunit generated from the crystal structure of the 70S ribosome [PDB ID code 1ML5, chains a-x (10)]. The particle images in classes whose averages had a cross-correlation coefficient of 0.8 or higher with the reference volume (marked by a white asterisk in SI Fig. 7 and representative class averages shown in Fig. 5b ) were combined into a new dataset. After iterative refinement of the orientation parameters, these 26,512 particle images produced a 3D reconstruction of the 50S ribosomal subunit (Fig. 5c ) at a resolution of 22 Å (SI Fig.  8b) . A plot of the Euler angle distribution revealed that the orientations adopted by the 50S subunits were less biased than those adopted by the Tf-TfR complexes (Fig. 5d) . Comparison of raw images and class averages with reprojections from the 3D reconstruction showed that the 3D density map was consistent with the projection data (Fig. 5e ).
Discussion
The Purification Aspect of Ni-NTA Lipid Monolayers. We established that binding of His-tagged proteins to monolayers depends on the presence and concentration of the Ni-NTA lipid (Fig. 1) and that the monolayer can be used to specifically adsorb complexes from growth medium and cell extracts (Figs. 2 and 4) . The addition of imidazole to the samples before casting the lipid monolayer was essential to suppress nonspecific binding of proteins to Ni-NTA monolayers. Although it may be possible to just add a high concentration of imidazole (e.g., 60 mM) to the extract by default before casting the Ni-NTA monolayer, high imidazole concentrations also will compete with the binding of the His-tagged proteins. It therefore might be best to optimize the required imidazole concentration for each specific case. Mass spectrometry analysis of Tf-TfR complex and rpl3 complex showed that samples prepared by monolayer purification are as clean or cleaner than samples obtained by a one-step Ni-affinity purification (SI Tables 1 and 2) . A reason for the higher purity of monolayer samples may be the lower concentration of Ni-NTA groups in monolayers compared with Ni affinity matrices, rendering it less conducive to nonspecific binding. For monolayer purification to be effective, a 25-l aliquot of sample should contain at least 10 ng of His-tagged protein (0.4 g/ml), which should be achievable for most recombinantly expressed proteins.
Single-Particle EM of Lipid Monolayer Samples. For single-particle averaging techniques, it was essential that a sufficient number of particles were being adsorbed to the monolayer while still being well separated from each other. The density of bound particles can easily be adjusted by varying the percentage of Ni-NTA lipids in the monolayer and the incubation time. These parameters will most likely need to be adjusted for each specimen. We found it necessary to use a higher concentration of Ni-NTA lipids and longer adsorption times when producing vitrified specimens. We attribute this to the shearing off of a portion of the adsorbed proteins from the monolayer during the plunging of the grid into liquid ethane. We also found that particles often were unevenly distributed on the monolayers and clustered in certain areas. EM images of negatively stained samples further revealed that the proteins adsorbed only to monolayer areas that appeared darker (see, for example, Fig. 1 c-e) . It seems that the Ni-NTA lipids, stained darker with uranyl formate, and the filler lipids segregate into separate domains. Different filler lipids may thus help to obtain more homogeneous particle distributions in the future.
Alignment of Tf-TfR images from negatively stained monolayers showed the preferred orientation of the complex expected from the location of the His tag on the N terminus of the stalks of the receptor. Although vitrified samples still showed some preference in orientation, the particles exhibited enough variation in orientation to calculate a 3D reconstruction. This finding suggests that if the His tag is attached to a sufficiently long linker, the complex can adopt almost any orientation, although with different frequency. It also suggests that the restricted orientations seen in negatively stained specimens are caused by the staining procedure and most likely occur upon drying of the grid. Thus, monolayer-purified samples prepared by negative staining are suitable for random conical tilt 3D reconstruction, whereas vitrified samples are suitable for common line-based 3D reconstruction approaches. Although the 3D reconstructions we present here have a resolution of Ϸ20 Å, we believe that the lipid monolayer has no adverse effect on the resolution that can be achieved and that the resolution of the presented reconstructions could be further improved by adding more particle images to the datasets. An added advantage of the lipid monolayer is that it renders specimen vitrification very reproducible because of the continuous layer of lipids covering the holes in the carbon film. The ice thickness thus remains constant over large areas of the grid. The monolayer also introduces only very little background noise in the images. The small (Ϸ290 kDa) Tf-TfR complex is essentially as visible in vitrified monolayer samples (Fig. 3 b-d) as in conventionally vitrified samples (9) .
Advantages and Other Potential Applications of Monolayer Purification.
Monolayer purification is rapid and convenient. Besides avoiding lengthy biochemical purification steps, the short time period between lysing the cells and the final EM specimen should be beneficial for structural analyses of dynamic and unstable complexes. The method should also prove useful for structural studies on complexes that cannot be expressed in large quantities.
Monolayer purification produces clean samples in terms of reducing contaminating proteins. However, the Ni-NTA monolayer also adsorbs every complex that contains the His-tagged protein. In the case of His-tagged rpl3, the monolayer not only isolated 50S subunits (marked by a white asterisk in SI Fig. 7 ) but also 70S ribosomes (marked by a white circle in SI Fig. 7 ) and presumably various smaller complexes that may represent intermediates in the assembly pathway of the ribosome. Monolayer purification will produce such mixtures of fully and partially assembled complexes in many cases. When prepared by negative staining, which usually results in preferred orientations of the complexes, the images can be classified into structurally homogeneous groups and can thus provide valuable information on stable intermediates in the assembly pathway, subcomplexes, and alternative complexes containing the His-tagged protein. 3D reconstructions of the various species can then be calculated by using the random conical tilt approach (12) . Structural heterogeneity in EM preparations causes, however, a problem for single-particle reconstructions of vitrified specimen, which may be solved computationally. Alternatively, structural heterogeneity may also be addressed at the specimen level by His-tagging specific subunits that are only associated with a particular state of a complex. In this case, the complexes present in monolayer preparations are certain to be in the state associated with the tagged subunit. Similarly, by His-tagging either activators or substrates, only those complexes that either have the tagged substrate or activator bound can be specifically adsorbed to the monolayer. Thus, by carefully choosing the protein to be tagged, it may be possible to significantly reduce structural heterogeneity in monolayer preparations even for dynamic biological machines.
High-throughput structure determination of macromolecular complexes is a goal of single-particle EM that has not yet been realized. As much progress has been made in automation of electron microscopic data collection and image processing (13), the limiting factor for high-throughput EM studies has become the purification and preparation of complexes suitable for EM studies. The ease and speed with which monolayer samples can be prepared may help to overcome this limitation. Even if many of the preparations prove to be too heterogeneous for structure determination, the availability of libraries of His-tagged proteins (14) makes it feasible to produce many samples in a very short time. The monolayer purification technique thus may remove a substantial hurdle for high-throughput structure determination by singleparticle EM.
Methods
Preparation of His-Tagged Tf-TfR and Ribosomal Complexes. Expression of His-tagged TfR and rpl3 and preparation of the Tf-TfR complex are described in SI Text.
Conventional Purification of His-Tagged Tf-TfR and Ribosomal Complexes.
Purification procedures for His-tagged Tf-TfR and ribosomal complexes by Ni-affinity chromatography are described in SI Text.
Preparation of Cell Extracts. Preparation of extracts is described in SI Text.
Adsorption of His-Tagged Proteins to Ni-NTA Lipid-Containing Monolayers. DLPC and 1,2-dioleoyl-sn-glycero-3-[N-(5-amino-1-carboxypentyl)iminodiacetic acid] succinyl-nickel salt (Ni-NTA lipid) were purchased from Avanti Polar Lipids. Each lipid was reconstituted in chloroform to 1 mg/ml. Teflon blocks containing 18 wells, with each well holding a volume of Ϸ25 l, were used to set up monolayer samples. After placing 25 l of protein solution or cell extract into a well, 1 l of lipid mixture (DLPC containing the desired percentage of Ni-NTA lipid in chloroform) was added on top of the aqueous solution to form a monolayer at the air-water interface. When indicated, 10 to 60 mM imidazole (final concentration) was added to the extracts before they were placed into the wells. The Teflon blocks were incubated in a sealed humid environment at 4°C for 15 min. Monolayer samples were recovered by placing either a continuous carbon-coated EM grid or a Quantifoil 2/1 holey grid (Quantifoil Micro Tools) on top of the monolayer. The grid was gently lifted off with forceps, blotted with Whatman #1 filter paper (Whatman International) and stained with 0.75% uranyl formate or plunged into liquid ethane. Details on individual monolayer purification experiments are provided as SI Text.
Specimen Preparation, EM, and Image Processing. Details are provided in SI Text.
